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Abstract
Melosh rotations are dened for antiquarks that provide unitary transforma-
tions from u- to v-spinor basis states. Methods for constructing a complete
set of relativistic three-quark states are detailed for the nucleon, N(1520)
and N(1535). States containing virtual antiquarks are constructed and a
physical interpretation of v-spinor basis states in QCD is provided in terms of
transition amplitudes from quark to quark-gluon or quark-Goldstone boson
Fock states of chiral dynamics generated by flux tube breaking expected in
QCD at intermediate distances.
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I. INTRODUCTION
In light front dynamics [1] (LF) and in Dirac’s point form of relativistic few-body
physics [2], [3], hadron wave functions may be boosted kinematically, that is, independent of
interactions. Because form factors depend on boosted wave functions this attractive feature
has motivated many recent electroweak form factor calculations [4].
Because there is no spontaneous creation of massive fermions in LF dynamics that is
quantized on the null plane, the quantized vacuum is fairly simple, so that a constituent
Fock space expansion is practical where partons are directly related to the hadron.
Here we wish to construct relativistic baryon basis states in light front dynamics, although
all important results are also valid in the point form, where four-velocities are replacing the
light cone momentum variables. The null plane is invariant under seven of the ten Poincare
generators. A subgroup of six of these generators form the stability group that acts transi-
tively on states of a given mass-shell hyperboloid. As a result, the total momentum separates
from the internal momentum variables [5]. This is one of the reasons why LF dynamics is
usually formulated in momentum space. Thus, wave functions depend only on the relative
momentum variables and, being invariant under kinematic Poincare transformations, are
completely determined once they are known at rest.
Except for Sect. IV we deal with nucleon basis states. Except for Sect. V, we have ap-
plications in mind to spacelike electroweak form factors in the Breit frame (with momentum
transfer q+ = q0 + q3 = 0) of LF dynamics excluding the complications of timelike exclusive
processes (which can be treated [6]). As a rule, applications involve truncating the Fock
space expansion by particle number, which does not violate Lorentz invariance because in
LF dynamics the boost operators are kinematic, that is, do not contain interactions.
Three-quark wave functions for the nucleon have been constructed in the constituent
quark model as products of a totally symmetric momentum and a nonstatic spin-flavor
wave function which is an eigenstate of the spin and total angular momentum (squared)
and its projection on the light cone axis. When nonstatic spin-flavor wave functions are
built from the nonrelativistic quark model (NQM) via Melosh rotations [7], (see ref. [8] for
a review and refs.) they form a Hilbert space of relativistic three-quark states that we shall
call the Pauli-Melosh basis. It is in one-to-one correspondence with the NQM and manifestly
orthogonal.
An alternative eective eld theory approach starts from three-quark nucleon interaction
Lagrangians [9] in light front dynamics which provide the nonstatic spin-flavor wave functions
in a Dirac matrix representation. When the triangle Feynman diagram for a form factor
is projected to the null-plane the radial momentum wave functions are dened in terms of
three-quark-nucleon vertex functions and a totally symmetric energy denominator (three-
quark propagator). Based on Lorentz covariance, parity and SU(2) isospin invariance there
are eight independent couplings and three totally symmetric couplings. This Dirac basis is
manifestly Lorentz covariant under kinematic transformations.
Here we wish to address the problem in that there are signicantly more relativistic
hadron wave functions in the Dirac basis than compared to the Pauli-Melosh basis. For
example, there are three nucleon states compared to the single S-state of the NQM in the
static limit and ve N(1535) states.
The alternative Bargmann-Wigner basis [10] (BW), which is in one-to-one correspon-
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dence with the Dirac basis [8], sheds light on this problem from another point of view. It is
based on the equivalence of the innite momentum frame (IMF) and light front dynamics
which implies that quarks bound in a hadron in the IMF are all collinear, that is, have equal
velocities pi=m = P=M; where M is the baryon mass and m a constituent quark mass. The
BW basis constructs three-quark baryon Fock states in terms of baryon Dirac spinors (U; V ).
There is only one totally symmetric nucleon basis state (UUU). It corresponds to the nu-
cleon ground state of the Pauli-Melosh basis. The other two totally symmetric three-quark
states of the BW and Dirac bases contain two Dirac V -spinors and one U-spinor. While
this basis of three-quark-baryon couplings can be evaluated for u- and v-spinors in Feynman
diagrams, so far only those with u-spinors have played a role in applications of light front
quark models.
In this paper it is shown that a set of new Melosh transformations and spinors they
generate are required to account for all three-quark-nucleon couplings, that is, all three non-
static spin-flavor wave functions of the nucleon. Corresponding results are valid for Ns, the
baryon octet and other baryons.
The paper is organized as follows. In Sect. II we generalize the Melosh rotation based
on the complete U; V basis and introduce two new spinors, which are used in Sect. IV
to construct the complete basis of three-quark spin-flavor wave functions in LF dynamics.
In Sect. III we provide the transformation between the BW and Dirac representations of
the three-quark couplings for the nucleon, N(1520) and N(1535) in what we believe is
a transparent and simple approach. After symmetrizing we nd three and ve spin-flavor
components for nucleon and N(1520), N(1535), respectively. In Sect. IV we start from
the instant form to construct the complete set of relativistic spin-flavor wave functions for
positive-energy quarks. In Sect. V we consider, on the basis of these spin-flavor couplings,
the possibility of v-spinors in the wave functions and discuss their possible origin. We shall
construct and present a physical interpretation of baryon states with v spinors as part of
transition amplitudes from three-quark states to quark-gluon or quark-Goldstone boson Fock
states via flux-tube breaking at intermediate distances in QCD.
II. MELOSH TRANSFORMATIONS FOR SINGLE QUARK STATES
When the bound quarks of the nucleon are in the innite momentum frame (IMF), or






; as P !1: (1)
The transformation to the IMF amounts to a change of the usual momentum variables [12]
p = (p0;p) to (p+ = p0 + p3; p? = (p1; p2); p− = p0 − p3) (2)
to light cone momentum components. As in any Hamiltonian version of eld theory, partons
are on their mass shell so that the light cone energy p− = (m2 + p2?)=p
+ > 0; in contrast to
the square root ambiguity for p0 in the instant form. In transitions the p− variable is not
conserved.
























































under this transformation will change their form and become light-cone spinors denoted by











































Here kR;L = k1 ik2 are conventional abbreviations for the quark momentum in the nucleon
rest frame and m is the quark mass. Note that our v-spinors obey v(k) = γ5u(k) in
contrast to v = Cu
T
 of ref. [13].
The total momentum spinors U", U# of the nucleon satisfy the free Dirac equation
(γ  P −M)U = 0; (7)
where M is the nucleon mass, P its total momentum and  the helicity. In the rest frame


















For completeness we also list the corresponding V", V# spinors satisfying



















The U; V spinors are the building blocks of the Bargmann-Wigner (BW) basis.
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R(1) uLC ; vinst =
∑

R(2) vLC ; (11)
where  and  represent the helicities and
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in the rest frame, so that the Melosh rotations may be written in the shorter form
R(1) = N uLC U = R(2) = −NvLC V; (15)

























Mp+ + mP+ P Rp+ − P+pR
P+pL − P Lp+ Mp+ + mP+
)
: (17)
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As a result, the new Melosh rotations are





R(3) vLC ; zinst =
∑

























































The zinst ; w
inst
 spinors obey the Dirac equations
(γ  k −m)zinst (k) = 0; (γ  k + m)winst (k) = 0: (26)
We can see that the winst and zinst spinors dier from uinst and vinst spinors only in replacing
k0 + m by k0 − m. Thus in highly relativistic cases, k0 + m  k0 − m and winst ! uinst ,
zinst ! vinst : In the static limit, however, the zinst; winst spinors appear to diverge, but on
closer inspection the static limit is nite yet depends on the direction in which it is taken.
Let us approach the static limit so that
kx = k; ky = k; kz = kγ; 2 + 2 + γ2 = 1; as k ! 0: (27)
Then
p








k0 −m  ( + i)
p
2m as k ! 0; (28)
and
(zinst" )
T = (γ;  + i; 0; 0)
remains nite and normalized to unity, but clearly depends on how one approaches the
static limit. Similar results hold for the other three spinors. There is no problem with
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matrix elements, even if the spinors appear in initial and nal wave functions, because of
the k2 in the volume element of momentum space. The consistency of this ambiguity of the
static limit with the nature of the UV V invariants is discussed in Sect. IV.
The reason for introducing these w and z spinors becomes apparent when we view the
matrix elements involved in Eq. 18 as unitary transformations from light cone to instant
spinors via the BW (or IMF) basis states U; V . For the resulting basis to be complete,
one needs to go via V states as well as U states. In this sense Eq. 19 provides the missing
o-diagonal elements from U to v0 and V to u0, although the matrices in Eqs. 18,19 are
not to be added.
In Section IV we shall use this complete set of Melosh rotations for u and v states to
construct three-quark states in the Dirac and BW representations, which will make their
equivalence manifest.
III. CONVERSION OF DIRAC TO BARGMANN-WIGNER BASIS
When the nucleon is treated as a spin-1
2
eld, it is a third-rank spinor Ψ[]γ which
satises the free Dirac equation for each spinor index
(γ  P −M)0 Ψ[0]γ = (γ  P −M)
0
 Ψ[0]γ = (γ  P −M)γ
0
γ Ψ[]γ0 = 0: (29)
These constraints and the total symmetry under permutation of the three spinor indices lead
to the spinor form [(γ P +M)γ5C]U(P ) of Ψ[]γ [10], which is antisymmetric under the
exchange of the ;  indices. Here C = iγ2γ0 is the charge conjugation matrix.
However, in QCD and in quark models in particular the nucleon is no longer a local
eld. Various bound state nucleon wave function components may be related to dierent
three-quark-nucleon vertices dened by corresponding interaction Lagrangians. Such an
approach has recently [9] been adopted for a null-plane projection of the Feynman triangle
diagram for spacelike electroweak form factors of the nucleon. From Lorentz invariance and
symmetries under permutations of three quarks, a basis of Dirac γ-matrix representations
has been constructed for the spin-flavor components of these couplings (see ref. [8] for a
review) which is equivalent to the BW-basis. The specic spin coupling listed above has
been used only for u spinors in light front dynamics and then reduces to the nonrelativistic
quark model S-state in the static limit. This spin wave function dominates the applications
of light front and more recent point-form quark models.
We know from the nonrelativistic quark model that the wave function of the nucleon is
dened as
jΨi = jmom:i ⊗ jSU(2)spini ⊗ jSU(2)isospini ⊗ jSU(3)colori: (30)
For example, the wave function of a proton can be written as
jP"i = jmom:i ⊗ [ 1p2("# − #") " ⊗ 1p2(ud− du)u
+ (MS)spin ⊗ (MS)isospin]⊗ jSU(3)colori; (31)
where MS stands for the mixed symmetric combination. Using the uds basis, due to the
anticommutativity of the quark eld operators, the wave function is uniquely specied by
the mixed antisymmetric or the mixed symmetric part provided it is kept totally symmetric.
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In order to convert the spin structure of this wave function to Lorentz covariant form, we
start rewriting two-particle spin wave functions in terms of Pauli matrices. We know that
j"i j#i− j#i j"i is the antisymmetric combination of two spin-1
2





























It is because of this connection that we say the o-diagonal matrix 2 represents antisym-
metric coupling. This identity has a similar form when we go to the four-dimensional Dirac
space, where the basis is comprised of four-components Dirac spinors U"; U#; V"; V# of the
nucleon from the previous Sect.II. For this case the decomposition takes the form


















where Γ is one of the sixteen Dirac matrices
γC; C (1 $ 2 symmetric);
γγ5C; γ5C; C (1 $ 2 antisymmetric): (34)
That is to say that the entries for the Γ matrices have a twofold meaning: one as the coupling
of the U,V spinors with dierent helicities and the other as the direct product of the spinor
elements.
The above identity (33) is most easily checked in the nucleon rest frame. To see how to
convert the Gi of the Dirac basis in Table I into U; V spinors we proceed in two steps. First




























= (UU + V V )⊗ (− "# + #"):
(35)
Including the third quark, we obtain
G2 = γ5CU" = (UU + V V )⊗ (− "# + #")⊗ U"
= −U"U#U" + U#U"U" − V "V #U" + V #V "U": (36)
The conversion to the BW basis for all the eight invariants in Table I proceeds in this way,
and they are displayed in Table II.
The spin part of the wave function is constructed by choosing two of the quarks coupling
via (Γ1) , abbreviated as (; ), with Γ
1 from Eqs. 33, 34 having denite permutation
symmetry with respect to the exchange of the two spinor indices. The third quark index
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is added by combining a Dirac matrix Γ2, which is one of the basic sixteen 1, γ5, γ
,γ5γ
,





which may be evaluated for u- and v-spinors. In light front quark model applications, such
as form factors dened by a triangle Feynman diagram, such spin couplings are sandwiched
between u-spinors only and called spin wave functions. Next the isospin coupling is multi-
plied in with matching (12) permutation symmetry. However, baryon wave functions exhibit
the totally symmetric form (12)3+(23)1+(31)2, except for the color part, so that we need
to symmetrize the spin invariants (12)3 that we have constructed so far.
To make a totally symmetric spin-flavor wave function (without the color indices), we
combine the (12) symmetric isospin ~ ⊗ ~N with the symmetric (12) spin coupling, where
N is the isospin wave function of the nucleon. Similarly for the (12) antisymmetric com-
bination, the mixed antisymmetric isospin combination is given by i2 ⊗ N . Thus for the
distinguishable (12)3 quark system we have the eight independent spin-isospin basis states
shown in Table I.
Once we have the spinor invariants for the distinguishable quarks (12)3, we need to
permute them according to (12)3+(23)1+(31)2. To simplify the basis further, we calculate
the isospin matrix elements explicitly using the uds basis, where in a proton, (12)3 denotes































































= [(23)1]spin − [(31)2]spin:
(39)
Dropping the subscript spin in the above equation, the totally symmetric coupling S1 cor-
responding to G1 becomes
S1 = (C)23(uN)1 − (C)31(uN)2: (40)
Similarly for a (12) symmetric ~12 ⊗ ~3 coupling in isospin space we nd the isospin matrix
elements -2,1,1 for (12)3, (23)1 and (31)2 couplings, respectively. Then the symmetrized
spinor invariant G3 becomes
S3 = −2M(γC)12 ⊗ (γ5γuN)3 + (23)1 + (31)2: (41)
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In order to rearrange the (23)1 and (31)2 terms in (12)3 order, we use the Fierz re-
arrangement Table III (see also Table I of ref. [14]). A sample calculation for S1 goes as
follows
S1 = (23)1− (31)2





























Here the superscript s signals that we have used the scalar line of the Fierz Table III.
We also have exploited the antisymmetric property of C; γγ5C; γ5C and the symmetric
property of γC; C between the (12) quarks. This result conrms the corresponding
result in ref. [14]. This procedure can be done for all the eight invariants similarly. Special
attention should be paid to the fact that for S5; S6; S8, the Dirac equation γ  PuN = MuN
has been used. The nal results are shown in Table IV.
From Table IV, we can nd out that there exist only three independent components,
because there are ve linear relationships between them, namely,
S1 = S2 − S4;
S3 = 3S4;
S5 = S4 − S6;
S7 = 12S2 − 6S4;
S8 = 3S2 − 2S4 + 2S6:
(43)
Thus, we can choose S2; S4; S6 as the three independent couplings for the nucleon wave
function.
The construction of spinor invariants for nucleon resonance states follows the same proc-

































where um(P ) is a Dirac spinor, and the four mutually orthogonal vectors P
, and the
polarization vectors ^;0 together form basis of Minkowski space. The Rarita-Schwinger





which shows that there is no spin- 1
2
contribution. The orthogonality between the spinors is
guaranteed by that of the Clebsch-Gordan coecients. The contraction between the relative


















(γ5γ  su"): (46)
This is consistent with the spinor invariants for N(1535) constructed in reference [8], where








) in our case.







 ) and are listed in Tables V and VI. The extra γ5 is necessary for the correct
parity. The symmetrization among the three quarks follow the same procedure as that for
the nucleon and the results are listed in Table VII for the Dirac basis.
Because of the presence of the relative momentum s (s3 = p1 − p2, etc.) the number of



























7 = 0: (47)
This means that there are now ve independent spinor components for N(1535); N(1520)
each.
To summarize what we have accomplished so far, the eight independent relativistic cou-
plings can be transformed into equivalent linear combinations of direct products of three
Dirac spinors, which can be either U(P ), the positive energy spinors or V(P ), the negative
energy spinors, where  means helicity. This is what is called Bargmann-Wigner basis in
ref. [8] as compared to the Dirac matrix representation or basis. While the invariants Gi
of the Dirac basis can be easily interpretated as couplings between the three quarks and
the nucleon, the invariants expressed in the BW basis have the advantage of being more
easily permuted. Moreover, in Sect. IV, we shall use the BW representation as a means of
transforming the spin-flavor wave functions from the instant to the LF form.
IV. THREE-QUARK NUCLEON STATES
In order to introduce the general covariant spin coupling we rst briefly review how
quarks are coupled to pairs, which then are coupled with a third quark to the quantum
numbers of the nucleon. For details we refer to ref. [8]. For simplicity we consider only the
spin structure of the nucleon, ignore its isospin and treat quarks as distinguishable.
The generalization to the relativistic spinor basis usually starts with the nonrelativistic
Pauli spinors . If we further concentrate only on the (12) quark pair, then there are the
following two nonrelativistic states









1 ⊗ 2 (48)









1 ⊗ 2 : (49)
For the singlet j0; 0i the rst step of the relativistic generalization is to replace Pauli spinors
by Dirac spinors of positive energy in the instant form
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uinst ⊗ uinst2 : (50)
Upon transforming the instant to light-front spinors, we apply the rst part of Eq. (11)



















Switching the sums we get














) uLC1 ⊗ uLC2 : (52)
Substituting Eq. (15) for R(1) we obtain
































U1 ⊗ U2)(uLC2 )T
]
uLC1 ⊗ uLC2 :
(53)
From the conversion of the Dirac basis to the BW-basis in the previous Section III, we know






























uLC1 ⊗ uLC2 : (55)
This can be generalized to an arbitrary frame by boosting the nucleon to momentum P, so
that we have















uLC1 ⊗ uLC2 : (56)
Combining this quark pair state with the third quark we get precisely the three-quark state
that is usually considered in applications of relativistic quark models.
Now we are ready to extend the spin coupling method to quark pairs constructed via
V -spinors, that is, there are similar new components starting from z spinors in the instant
form,











































V1 ⊗ V2)(uLC2 )T
]
uLC1 ⊗ uLC2 :
(57)
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j0; 0 >(uu) −
p
2
































(V1 ⊗ V2)(uLC2 )T
]
















(U1 ⊗ U2 + V1 ⊗ V2)(uLC2 )T
]
uLC1 ⊗ uLC2
= −∑1;2 [uLC1 γ5C(uLC2 )T ] uLC1 ⊗ uLC2 ;
(58)



























Thus, from the linear combination of j0; 0i(uu) and j0; 0i(zz) we can construct the spinor
invariant G2 with positive spinors u1 and u2 in the Dirac representation. This means that,
if we are to account for all eight invariants Gi in Table I as independent spinor components
with the positive energy spinors as in light-front dynamics, then it is necessary to include
the zinst spinors.





































(V1 ⊗ V2)(uLC2 )T
]
















(U1 ⊗ U2 − V1 ⊗ V2)(uLC2 )T
]
uLC1 ⊗ uLC2
= −∑1;2 [uLC1 γ0γ5C(uLC2 )T ] uLC1 ⊗ uLC2 ;
(60)
which is the quark pair part of G6 in the rest frame of the nucleon. There are similar
expressions for all other spin invariants.
We are now in a position to complete the construction of relativistic, mixed-
antisymmetric (MA) positive-energy three-quark spinor states.
From Eqs. (18) and (19), we see that the U and V spinors come in when we transform
the instant spinors to the light-front form. If we require the quark spinors to be of positive














Since in the UV construction, the only allowed combinations are either three Us or two
V s and one U for parity reasons, in the instant form the quark spinors must be one of the
following four combinations
UUU : jMA; i(uuu)  ∑3; C0 12 120 3  (∑1;2 C 12 12 01 2 0 uinst1 ⊗ uinst2 )⊗ uinst3
V V U : jMA; i(zzu)  ∑3; C0 12 120 3  (∑1;2 C 12 12 01 2 0 zinst1 ⊗ zinst2 )⊗ uinst3
jMA; i(zuz)  ∑3; C0 12 120 3  (∑1;2 C 12 12 01 2 0 zinst1 ⊗ uinst2 )⊗ zinst3
jMA; i(zzu)  ∑3; C0 12 120 3  (∑1;2 C 12 12 01 2 0 uinst1 ⊗ zinst2 )⊗ zinst3 :
(62)
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This gives a total of four independent states. It can be shown that the linear combinations
of states constructed from the above four situations can generate G1, G2, G4 and G6. And
similarly starting from the mixed-symmetric combination we can generate the remaining
four Gi.
The UV V invariants dier from UUU in that they can not be obtained from a well dened
static limit via Melosh rotation. This explains why the z; w spinors do not have a unique
static limit which would circumvent this no-go theorem. In other words, the non-unique
static limit of the z; w spinors is the price one pays for the canonical Melosh construction
of all spin-flavor couplings.
V. THREE-QUARK STATES WITH VIRTUAL ANTIQUARKS
In a typical electromagnetic form factor calculation the one-body quark current is sand-
wiched between three-quark wave functions of the nucleon [4] that contain only u-quarks
(see the uuu−N vertex of Fig.1a). No intermediate v-quarks occur in the triangle Feynman
diagram because the quark propagator contains only a u-spinor piece with energy denom-
inator p− − p2?+m2
p+
in addition to the instantaneous part γ
+
2p+
, and any v-spinor coupled to
the virtual photon is eliminated in the Breit frame (by q+ = 0). Nonetheless, the three-
quark-nucleon and -baryon couplings may occur in Feynman diagrams sandwiched between
u- and v-spinors. In this context, we posit that v-states, and the vuu−N vertex of Fig.1b
in particular, are generated by flux-tube breaking at intermediate distances in QCD. In
fact, in ref. [15] the generally successful 3P0 quark-pair creation model of hadron decays is
generalized to the (color electric) flux tube breaking mechanism expected to occur in QCD.
Because it is conceptually simpler we keep the approximate 3P0 quark pair creation ver-
tex with its characteristic spin coupling [16]  u(p)v(−p)    p in our discussion. The
spin matrix elements (in spherical basis) are the Clebsch-Gordan coecients that couple the
quark- antiquark spins to the triplet state. In hadronic decay phenomenology the 3P0 model
dominates, and its vertex introduces the v-spinor that converts a three-quark spin-flavor
invariant of uuu type to vuu type.
Now we are ready to extend the spin coupling method to quark pairs containing v-spinors
and lift the restriction to positive energy spinors. Including two vinst spinors to maintain
positive parity, and in analogy with Eq. (50) we have









vinst ⊗ vinst2 : (63)
Applying the Melosh rotation R(2) (Eq. 15), we obtain from Eq. 63





























V1 ⊗ V2)(vLC2 )T
]
vLC1 ⊗ vLC2 :
(64)
From the conversion in Section III, we recall that
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γ5C − γ5C) = 1p2(γ0−12 γ5C):
(65)
Substituting Eq. (65) into Eq. (64) we get















vLC1 ⊗ vLC2 : (66)
Again, Eq. (66) can be generalized to a frame where the nucleon has momentum P , which
gives















vLC1 ⊗ vLC2 : (67)
From Eq. 67 we can see that, by applying the Melosh transformation to the vinst spinors, a
new component of the Dirac representation is generated. All others are constructed similarly.
For completeness we mention three-quark states of spin 1
2
and negative parity with a
single v spinor that we expect to play a role in sea-quark Fock states
vuu : jMA; i(wuu)  ∑3; C0 12 120 3  (∑1;2 C 12 12 01 2 0 winst1 ⊗ uinst2 )⊗ uinst3
jMA; i(uwu)  ∑3; C0 12 120 3  (∑1;2 C 12 12 01 2 0 uinst1 ⊗ winst2 )⊗ uinst3
jMA; i(uuw)  ∑3; C0 12 120 3  (∑1;2 C 12 12 01 2 0 uinst1 ⊗ uinst2 )⊗ winst3 :
(68)
There are also the corresponding mixed symmetric vuu spin invariants, which result from
replacing the Clebsch-Gordan coecients for pair spin 0 by those for pair spin 1.
A flux tube breaking in the nucleon, then, involves a quark pair creation event from
the vacuum and generates an intermediate v-state, which may be converted by a valence
gluon as in Fig.2a, or by a Goldstone boson in eective chiral eld theory as in Fig.2b,
into a u-spinor. Thus, these diagrams represent transition amplitudes from a three-quark
Fock state to a three-quark-gluon or a three-quark-Goldstone boson Fock state mediated by
quark pair creation. As suggested by chiral quark models, these Fock states are expected to
contribute to the neutron charge form factor in particular, which relativistic quark model can
not explain on the basis of the canonical (UUU) three-quark wave function alone. However,
in scalar coupling (G2 of Table I) the neutron charge form factor description improves [9]. A
detailed model is being developed for the neutron charge form factor and will be published
elsewhere. The vuu states also enter and are probed by time-like weak processes discussed
in ref. [6].
VI. DISCUSSION AND CONCLUSIONS
We have constructed relativistic three-quark states for the nucleon and several Ns in
the Dirac representation and compared with the Bargmann-Wigner basis by generalizing the
Melosh rotations (uU) for u-spinors to v-spinors systematically and completely including all
dynamically accessible matrix elements (uV ), (vU), and (vV ). Our direct and transparent
15
Melosh construction of the Dirac basis states makes its equivalence with the Bargmann-
Wigner basis manifest, thus avoiding the evaluation of many-body overlap matrix elements.
In the nonperturbative regime of QCD, flux-tube breaking will generate intermediate
states with one or more virtual antiquarks that occur in transition amplitudes from three-
quark to quark-gluon or quark-Goldstone Fock states, among others. Because the 3P0 quark-
pair creation model of hadron decays has been directly linked to flux-tube breaking in QCD,
we discuss explicit Feynman diagrams exhibiting transitions from uuu basis states to u3-
gluon and u3-GB states via vuu states. These multiquark states with v-spinors are stepping
stones to sea quarks and other dynamic relativistic eects. The Melosh construction of v-
spinor wave functions in conjunction with the quark pair creation model has the potential
of making many processes accessible to a more systematic analysis in the nonperturbative
regime of QCD.
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TABLES
G1 = M(i2C)12 ⊗ (γ5u)3
G2 = M(i2γ5C)12 ⊗ (u)3
G3 = M(γ~i2C)12 ⊗ ~(γ5γu)3
G4 = M(i2γγ5C)12 ⊗ (γu)3
G5 = γ  Pi2~C ⊗ (γ5~u)3
G6 = (i2γ  Pγ5C)12 ⊗ (u)3
G7 = M(~i2C)12 ⊗ (γ5~u)3
G8 = i(P~i2C)12 ⊗ (~γ5γu)3
Note that in each of the bases u is understood as containing both the isospin and spin
components of the nucleon. C = iγ2γ0 is the charge conjugation matrix.
TABLE I. Spinor invariants of the nucleon in (12)3 coupling of the Dirac basis
G1 = M(UV + V U)⊗ (− "# + #")⊗ V "
G2 = M(UU + V V )⊗ (− "# + #")⊗ U"
G3 = −M [(UV − V U)⊗ ("# − #")⊗ V " − 2(UU − V V )⊗ ("")⊗ U#
+(UU − V V )⊗ ("# + #") ⊗ U"]
G4 = −M [(UU − V V )⊗ ("# − #")⊗ U" − 2(UV − V U)⊗ ("") ⊗ V #
+(UV − V U)⊗ ("# + #") ⊗ V "]
G5 = −M(UV − V U)⊗ ("# − #") ⊗ V "
G6 = −M(UU − V V )⊗ ("# − #") ⊗ U"
G7 = −2M [(UU + V V )⊗ ("# + #") ⊗ U" − 2(UU + V V )⊗ ("") ⊗ U#
+(UV + V U)⊗ ("# + #") ⊗ V " − 2(UV + V U)⊗ ("") ⊗ V #]
G8 = −M [−2(UU + V V )⊗ ("") ⊗ U# + (UU + V V )⊗ ("# + #") ⊗ U"]
TABLE II. Conversion Table from DM Basis to BW Basis
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JS JV JT JA JP
J 0S 1/4 1/4 1/8 -1/4 1/4
J 0V 1 -1/2 0 -1/2 -1
J 0T 3 0 -1/2 0 3
J 0A -1 -1/2 0 -1/2 1
J 0P 1/4 -1/4 1/8 1/4 1/4
Example: J 0V = JS − 12JV − 12JA − JP
Denitions:
JS = (u1u2)(u3uN)
J 0S = (u3u2)(u1uN)
JV = (u1γu2)(u3γ
uN)












J 0P = (u3γ5u2)(u1γ
5uN)
TABLE III. Fierz Transformation Table
G1 G2 G3 G4 G5 G6 G7 G8
S1 0 0 1/2 0 0 0 -1/4 0
S2 0 0 -1/2 0 0 0 -1/4 0
S3 0 0 -3 0 0 0 0 0
S4 0 0 -1 0 0 0 0 0
S5 0 0 -1/2 0 -1 0 -1/4 1
S6 0 0 -1/2 0 1 0 1/4 -1
S7 0 0 0 0 0 0 -3 0
S8 0 0 -1/2 0 2 0 -1/4 -2
TABLE IV. Symmetrized Spinor Invariants for N
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TABLE V. Spinor Invariants for N(1535) in (12)3 coupling of the Dirac basis
























































































S1 -7/4 1/4 1/4 -1/4 0 0 1/8 0
S2 1/4 -7/4 -1/4 1/4 0 0 1/8 0
S3 -1 1 1/2 1/2 0 0 0 0
S4 -1 1 -1/2 -5/2 0 0 0 0
S5 1/4 -1/4 -1/4 -1/4 -1/2 1/2 1/8 1/2
S6 -1/4 1/4 -1/4 -1/4 -1/2 -3/2 -1/8 -1/2
S7 -3 -3 0 0 0 0 1/2 0
S8 3/4 3/4 1/4 -1/4 1 1 -1/8 0






, where s3 = p1 − p2






, where sm = 2p3 − p1 − p2 = s2 − s1














FIG. 2. (a) Three-quark to three-quark-gluon Fock state transition amplitude; (b) three-quark
to three-quark-Goldstone boson Fock state transition amplitude
22
REFERENCES
[1] M. V. Terent’ev, Yad. Fiz. 24,207 (1976) [Sov.J.Nucl.Phys. 24, 106 (1976)]; J. Carbonell,
B. Desplanques, V. Karmanov and J.-F. Mathiot, Phys. Reports 300, 215 (1998); F.
M. Lev, Riv. Nuovo Cim. 16, 1 (1993), Ann. Phys. (N.Y.) 237, 355 (1995).
[2] P. A. M. Dirac, Rev. Mod. Phys. 21, 392 (1949).
[3] R. F. Wagenbrunn, S. Bo, W. Klink, W. Plessas and M. Radici, nucl-th/0010048.
[4] F. Cardarelli, E. Pace, G. Salme and S. Simula, Phys. Lett. 357, 267 (1995); F Cardarelli
and S. Simula, Phys. Lett. 467, 1 (1999); W. Konen and H. J. Weber, Phys. Rev. D41,
2201 (1991); S. J. Brodsky and F. Schlumpf, Phys. Lett. B329, 111 (1994).
[5] H. Leutwyler and J. Stern, Ann. Phys. (N.Y.) 112, 94 (1978).
[6] N. Demchuk, I. Grach, I. Narodetskii and S. Simula, Phys. Atom. Nucl. 59, 2156 (1996),
hep-ph/9601369.
[7] H. J. Melosh, Phys.Rev. D9, 1095 (1974).
[8] M. Beyer, C. Kuhrts and H. J. Weber, Ann. Phys. (N.Y.) 269, 129 (1998).
[9] W. R. B. de Araujo, E. F. Suisso, T. Frederico, M. Beyer, H. J. Weber, Phys. Lett.
B478, 86 (2000), and nucl-th/0007055.
[10] V. Bargmann and E. P. Wigner, Proc. Nat. Ac. Sci. U.S. 34, 211 (1948).
[11] F. Hussain, J. G. Ko¨rner, G. Thompson, Ann. Phys. (N.Y.) 206, 334 (1991).
[12] L. Susskind, Phys. Rev. 165, 1535 (1968).
[13] We use the metric conventions and γ-matrix notations of J. D. Bjorken and S. D. Drell,
Relativistic Quantum Mechanics, McGraw-Hill (1964).
[14] H. J. Weber, Ann. Phys. (N.Y.) 177, 38 (1987).
[15] R. Kokoski and N. Isgur, Phys. Rev. D35, 907 (1987).
[16] H. J. Weber, Phys. Lett. B218, 267 (1988).
23
